Abstract-One of the grand challenges in neuroengineering is to stimulate regeneration after central nervous system (CNS) or peripheral nervous system (PNS) injury to restore function. The state of the art today is that PNS injuries heal to a limited extent, whereas CNS injuries are largely intractable to regeneration. In this context, we examine the underlying biochemical and cellular constraints on endogenous healing of neural tissues. Identification and characterization of endogenous "rate-limiting" processes that constrain regeneration would allow one to craft solutions to overcome critical impediments for accelerated healing. It is increasingly evident that biochemical pathways triggered by the nature and duration of injury-triggered inflammatory response may determine the endogenous constraints and subsequently determine regenerative fate. In this paper, critical endogenous constraints of PNS and CNS regeneration are identified, and the effects of modulating the phenotypes of immune cells on neuronal regeneration are discussed.
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I. INTRODUCTION
P
HYSIOLOGICAL healing, which incorporates the removal of necrotic tissue and its clearance, results in two possible outcomes: 1) "regeneration," which is complete replacement of injured tissue with new fully functional tissue, and 2) "scarring," which is the partial repair of injured tissue with limited or no functionality. The intriguing question that arises is-what determines these outcomes? Generally, after injury of a tissue, several biological pathways become activated and typically local cells undergo changes in phenotype, which consequently determine the physiological healing state of the tissue [1] . Regeneration occurs when this cellular and tissue response acts in concert to facilitate restoration of function. Conversely, scarring occurs when endogenous constraints, which mainly evolve to preserve the more "critical" functions, prevent this orchestration of regenerative healing [1] - [3] . Manuscript Regeneration may be defined as the capacity of a tissue to regrow after injury and to restore its original function. Consequently, the regenerative capacity is the probability of regeneration occurring in an organ/tissue for a given injury [4] . Generally, the regenerative capacity of any organ or tissue is limited by endogenous constraints for repair that arise when the injury exceeds the threshold of regenerative capacity of the affected tissue. Although complex tissues retain the capacity for endogenous regeneration to some extent, regeneration is typically constrained by rate-limiting biochemical or cellular processes. Rate-limiting biochemical or cellular processes may be thought of as "knobs," which when turned, help increase or decrease the regenerative capacity of specific tissues. Hence, the critical question in the context of regeneration is: Is it possible to modulate healing pathway of complex tissues or to turn the "knobs" to facilitate alleviation of endogenous constraints and promote regeneration? And if indeed, is this possible, are there some "master knobs" that tip the balance favoring regeneration and away from scarring? To answer these questions, it is necessary to carefully examine both endogenous constraints and healing pathways.
II. ENDOGENOUS CONSTRAINTS AND THE ROLE OF INFLAMMATION
There are a number of endogenous constraints, which determine regenerative capacity of a tissue, and these vary greatly by species, age, pathophysiological state, tissue type, and the extent of injury. For instance, injured fetal tissues, in contrast to adult tissues, can occasionally be completely regenerated [2] , [5] - [7] indicating their greater regenerative capacity. Although the loss of regenerative capacity from young to old is intuitively accepted to be true [8] , the differences in the regenerative capacity between age-matched individuals are less well understood.
In the recent years, there is increasing evidence to suggest that inflammation [9] - [12] and the biochemical pathways [13] , [14] triggered by the nature and duration of the initial inflammatory response may determine the healing outcomes [15] - [18] . Therefore, it is reasonable to assume that regeneration versus scarring responses may be modulated if mechanisms to influence this inflammatory cascade postinjury existed.
During the inflammation process, an array of complex regulatory pathways operates. Inflammatory pathways include mechanisms that regulate both "local" factors, such as the plasticity of tissue [19] , [20] and its growth rate [17] , and also "longdistance" factors, such as signaling mechanisms for the recruitment of circulating stem and immune cells, and their homing [21] - [24] (see Fig. 1 ). Inflammatory cells (e.g., macrophages and microglia) may secrete either "pro-regenerative" or "pro-scarring" chemokines and cytokines (see blue and red arrows, respectively, in Fig. 1 ).
Studies on various immune cell types over the last several years have brought to light the biochemical as well as functional diversities of these immune cells, such as macrophages [25] - [29] , which are extant both in normal and injured tissue [9] , [30] . Macrophages as the "first responder" immune cells after injury potentially offer a valuable point of intervention, and strategically employing macrophages could direct the pathway toward predisposing the immune response to a "proregenerative" one.
III. REGENERATION AND SCARRING IN THE NERVOUS SYSTEM
If macrophages as well as glial cells determine differential regenerative capacity of the peripheral nervous system (PNS) and central nervous system (CNS), then evaluation and characterization of the effects of this response on the processes that thwart regeneration after PNS or CNS injury becomes critical.
A. Critical Determinants of PNS Regeneration
The PNS, unlike the CNS, has the ability to regenerate in a limited manner. Functional recovery after injuries to the PNS is dependent on factors such as 1) the rate of regeneration, which influences the time to reinnervation of target tissue, 2) the plasticity of the local peripheral nerve and the central cortical neurons in reestablishment of coherent control of target tissue, and 3) the severity of the injury, which may determine the extent to which the "pro-regenerative" glial/inflammatory responses can be modulated.
1) Rate of Regeneration:
An important challenge and determining factor for functional recovery after PNS injury is the time to reinnervation [31] . Based on studies dating back to World War II, delay in repairing an injured peripheral nerve leads to feeble functional outcomes most likely due to a decrease in the ability of the end organ to be reinnervated and also atrophic changes in the regenerating support pathway of Schwann cells [32] . Although the rate of axonal regeneration is fairly constant across mammalian species (∼1-4 mm/day) [32] , this rate decreases with age and contributes to poor regeneration in older adults [33] . Interestingly, Fu and Gordon demonstrated that regeneration time dependency is not an intrinsic limitation of the neurons, but is controlled extrinsically by signals that originate either in glial cells such as Schwann cells, or target tissue such as muscle [34] , [35] . In other words, axons maintain their regenerative capacity over time by the promoting mechanisms that stimulate their regeneration. Those promoting mechanisms may decrease over prolonged periods due to Schwann cells or target tissue dysfunction. Based on these observations, the rate of regeneration is an important rate limiter of success. This may, in turn, be determined by the quality and quantity of supporting healthy Schwann cells.
2) Plasticity: Plasticity may be defined as the ability of the PNS to sprout and make new connections with target tissues such as muscle. Plasticity may be governed by the presence of inhibitory proteoglycans, such as chondroitin sulfate proteoglycans (CSPGs) found in the basal lamina in the PNS [36] , [37] . Second, plasticity is also dependent on the ability of the axons to "sprout" multiple neuritis and axonal branches to increase the probability of appropriate target finding and innervation. Neurotrophins such as neurotrophin-3 (NT-3) and nerve growth factor may play an important role in enabling this activity [38] , [39] . Lastly, plasticity is dependent on the end organ receiving regenerating nerves and its ability to be innervated in a functional manner as nonspecific connections lead to misdirected regeneration [32] .
3) Degree of Injury: As with any tissue, the degree of injury has the potential to overwhelm the regenerative capability. In the case of PNS injury, this translates to the gap length across which regeneration needs to occur. Coaptation of the two nerve stumps is usually used to repair short distance nerve defects, but when larger nerve gaps exist (15 mm or longer), the current clinical gold standard is to use an autograft [40] .
B. Critical Determinants of CNS Regeneration
As is the case with PNS repair, adult CNS regeneration is hostage to the biochemical and cellular processes triggered by neural injury. Functional recovery is dependent on survival of the injured neuronal cell body, regeneration of the damaged axon, remyelination, and functional synapse formation [41] . However, contrary to the neurons in the PNS, severed CNS axons fail to regenerate beyond the lesion site [42] . The difference between regenerative capabilities of these two systems stems from the differential glial response after injury, resulting in vastly different degrees of "permissiveness" of the injury environment to regenerating axons [43] .
Hence, nonpermissive regenerative environment after injury stemming from the astroglial scar tissue and inhibitory adult CNS myelin represent formidable barriers to CNS regeneration.
1) Astroglial Scar Tissue:
After CNS injury, microglia, oligodendrocyte precursors, meningial cells, and astrocytes are recruited to the lesion site and form an astroglial scar tissue that "walls off" the CNS lesion [3] . Although some of these events have beneficial effects (like isolating the injury site, minimizing the area of inflammation, and cellular degeneration), many astrocytes in the lesion site become hypertrophic and adopt a "reactive" phenotype, releasing inhibitory extracellular matrix (ECM) molecules such as CSPGs [3] . CSPGs are also present in perineural nets that stabilize CNS synapses and limit plasticity in the CNS. Overcoming astroglial scar tissue represents a grand challenge as it negatively impacts regeneration and limits the integration of implanted electrodes or transplanted engineered constructs into the CNS.
2) Myelin-Associated Inhibition and Wallerian Degeneration: Myelin, a paracrystalline array of lipid-rich glial or Schwann cell plasma membranes, supports rapid conduction of nerve impulses by providing a high-resistance, low-capacitance sheath around large axons [44] . After injury in the CNS, immobilized CNS myelin inhibits axon outgrowth by varied mechanisms [45] . Wallerian degeneration, the process in which damaged cells are removed and recycled by glial cells, is slower in CNS in comparison to PNS. The rate of Wallerian degeneration is different in these two systems because of some distinct differences in the glial clearance responses after PNS and CNS injuries. The PNS is more efficient at clearing myelin debris in comparison to the CNS, and Schwann cells are the primary cause of this difference [46] . Schwann cells in the PNS, in contrast to their CNS counterparts, oligodendrocytes, do not require axon signals to survive. In their developmental stages, oligodendrocytes that fail to make contact to an axon and those that receive any axon signals undergo apoptosis [47] . Therefore, unlike Schwann cells, oligodendrocytes fail to clean up the myelin sheaths and their debris. Moreover, oligodendrocytes fail to recruit macrophages for debris removal [46] .
3) Blood-Brain Barrier: Another important determinant in CNS regeneration is the blood-brain barrier (BBB). The BBB is the separating system of circulating blood and cerebrospinal fluid in the CNS. One of the main roles of the BBB was considered to be the separation of the CNS from the systemic immune system. Although studies show that resident CNS macrophages (microglia) present within the CNS actively interact with peripheral immune cells [48] , the CNS is largely thought to be limited in its capacity to deliver antigens to local lymph nodes and cause T-cell activation [46] . In an uninjured tissue, antigens are taken up by antigen presenting cells (dendritic cells) and, subsequently, transported to the lymph nodes. Alternatively, soluble antigens can drain into the lymph nodes. In contrast, in the CNS, dendritic cells are not thought to be present in normal parenchymal tissue or perivascular space, although they are present in the meninges and choroids plexus [49] .
Moreover, in contrast to the PNS, the barrier disruption in the CNS is limited to just the site of injury, whereas in the PNS, the permeability increases throughout the distal stump. The decreased permeability in the CNS could also explain the difference in the number of infiltrated macrophage to the site of injury [46] .
C. Common Determinants of PNS and CNS Regeneration
Besides the aforementioned rate-determining processes in the PNS and CNS, there are some other critical determinants of regenerative fate that are common in both systems.
One such factor is the number of available local stem or progenitor cells in the immediate vicinity of the site of injury. Besides resident neural stem cells [50] , stem cells can be either transplanted [51] or endogenously recruited to the site of injury [52] . However, in spite of encouraging data, which indicate that replacement of cells is promising [53] - [55] , the functional impact and reliability have been underwhelming. Moreover, despite intrinsic plasticity of endogenous stem cells, they are incapable of providing complete recovery in severe trauma [40] .
Another rate limiter is the ability of an injured tissue to form blood vessels (vascularization and angiogenesis). Angiogenesis is a normal and vital process in growth and development, as well as in wound healing. Vascular endothelial growth factor and the fibroblast growth factors are two long-known effective factors in vessel formation. There are many other critical growth factors involved in the physiological regulation of blood vessel formation [30] . These factors should be very carefully orchestrated in terms of time, space, and dose so as to form a functioning vascular network [56] . Enhancement in neurogenesis by increasing vascularization has been reported [57] .
IV. NEW INSIGHTS INTO REGENERATION: IMMUNE SYSTEM AS THE KEY DETERMINANT OF REGENERATION
There is evidence that secretory products of immune cells are capable of affecting most of the critical determinants of regeneration in the CNS and PNS that makes the immune system the key determinant of regenerative fate. Therefore, the inflammatory cascade postinjury and the role of the immune system has the potential of being the lynchpin upon which regeneration versus scarring responses are determined.
Considering the complexity of the biochemical and cellular responses to neural injury, targeting an individual point in the cascade may or may not be the most efficient approach to bias the response to regeneration versus scarring. In this context, the inflammatory response as well as the resulting immune reaction to the injury represent a promising point of intervention and could potentially represent one of the "master knobs" for eliciting regeneration. Before discussing the effects of different inflammatory responses, a brief introduction to microglia and macrophages as the most studied and diverse inflammatory cells will be provided.
A. Macrophage and Microglia
Macrophages are present in all tissues with the different resident names: osteoclasts in bone, histocytes in connective tissue, Kupffer cells in liver, and microglia in the CNS. They migrate as monocytes into the tissue in a steady-state fashion or in response to an inflammation. Although macrophages have been known [26] , [28] , [29] . In fact, remarkable plasticity of macrophages makes them capable of effectively responding to the different environmental signals by changing their phenotype and physiology. Mosser and Edwards suggest that there exist many shades of activation of macrophages, resulting in a spectrum of macrophage population rather than a few distinct groups [29] . However, there is consensus that macrophage phenotypes roughly fall into three categories: classically activated, wound healing, and regulatory (see Table I ) [16] , [26] , [28] , [29] .
Classically activated macrophages become activated by injury-triggered endogenous inflammatory signals like Th1 cytokine interferon gamma (IFN-γ) , or by exogeneous inflammatory signals like lipopolysaccharide (LPS) [58] . These cells are prototypical immune effector cells, which kill pathogens by production of oxygen, nitrogen radicals as well as phagocytosis. Classically activated macrophages are beneficial for the survival of the organism. However, resolving the injury and restoring normal tissue homeostasis requires an innate immune response that supports replacement of lost and damaged cells and restructuring of the damaged ECM. Wound-healing macrophages represent a second class of macrophages that help in the tissue repair by producing antiinflammatory cytokines, which mediate angiogenesis as well as ECM deposition. One of the well-established activating signals of this phenotype is interleukin-4 (IL-4). Moreover, the induction of arginase in these cells may lead to polyamine and proline biosynthesis, promoting cell growth and collagen formation. The third broad category of macrophages is regulatory macrophages that are elicited by exposure of macrophages to apoptotic cells and are associated with the robust suppression of the innate immune response. This phenotype allows them to engulf apoptotic cells without inducing a classical innate immune response [15] , [26] , [28] . Furthermore, these phenotypes can sequentially change their functional phenotype in response to signals in their respective microenvironments [58] , [59] .
In the nervous system, although other glial cells (like astrocyte [60] ) and neurons [61] may also play an immune role, the primary cells involved in the generation of innate immune response are microglia cells. It has been demonstrated that microglia, as the CNS resident macrophages, are also capable of transiting between the three activation states previously described upon receiving an appropriate activating signal (see Table I ) [15] , [16] .
Generally, a pro-regenerative bias in activation of these populations in the inflammatory cascade at the appropriate time and location will lead to regeneration, and any inappropriate triggering of pro-scarring macrophages/microglia/glial cells will lead to scarring. For example, in cancer, macrophages inappropriately switch from the classically activated to regulatory phenotype [29] , or in autoimmune diseases, such as Alzehimer's or multiple sclerosis (MS), microglia cells become chronically inflammatory (coexistence of wound healing and classically activated phenotypes) in the brain [15] , [16] , [62] . Interestingly, many parasitic organisms also alternate the macrophage activation state to the wound healing as a means to enhance their survival within cells or tissues [63] .
B. Harnessing the Immune System to Enhance Nerve Regeneration
Regenerative biochemical cascade is sometimes halted by lack of critical component, such as resident pluripotent cells, or weak "homing" signals to recruit circulating stem cells, or poor permissivity to regeneration at the site of injury (e.g., gliotic scar). Although the precise effect of each phenotype of microglia (see Fig. 1 ) is not completely understood, there is strong evidence to support the notion that macrophages can modulate regeneration in the nervous system. The Schwartz laboratory has demonstrated that appropriate activation of microglia by IL-4 or IFN-γ differentially induces neurogenesis as well as oligodendrogenesis from adult stem cells [17] . This data suggests that both neurogenesis and oligodendrogenesis of adult neural progenitor cells in the mice are blocked by classically activated microglia cells. However, this process can be altered to be "proregenerative" by wound healing associated cytokines (IL-4) in combination with low levels of IFN-γ. Therefore, controlled levels of appropriate cytokines can overcome the inhibition of neurogenesis in an inflamed brain. These studies also suggest that the duration, combination, and order of biochemical signals after injury ultimately determine the outcomes [64] .
It has also been shown that exposing microglia cells to low concentrations of classically activated cytokine IFN-γ (5 ng/mL) enables them to buffer the excitatory neurotransmitter glutamate (a common player in neurodegenerative diseases) and subsequently afford protection to neural tissue [65] .
Schwartz group has demonstrated that the cytotoxic effects of microglia exposure to large amounts of IFN-γ (>50 ng/mL) is a consequence of upregulated neurotoxic cytokine, tumor necrosis factor-alpha (TNFα) [19] , which is a secretory product of classically activated macrophages. However, treatment of the macrophages with TNFα during Wallerian degeneration significantly reduced their phagocytic capacity as well as their ability to ingest myelin debris, and in turn, their regenerative capacity [66] .
On the other hand, it has also been demonstrated that lack of TNFα will significantly delay remyelination, which is an important regenerative step in the autoimmune disease such as MS [20] . In addition, the neuroprotective effect of TNFα might be indirectly controlled by astrocytes. Expression of the brainderived neurotrophic factor by cultured astrocytes is usually elevated by increasing the amount of TNFα [67] . IL-1β, a proinflammatory neurotoxic cytokine, has also been shown to have a similar paradoxical effect in promoting regeneration [67] . Thus, although many cytokines such as TNFα and IL-1β are traditionally thought to be neurotoxic, their role is context dependent as their beneficial function was demonstrated in animals deficient in these cytokines [62] . Therefore, macrophages/microglia phenotype has a regulatory effect on the inhibitory environment of CNS as a critical determinant of regeneration.
Additionally, microglia exposure to IL-4 stimulates production of insulin-like growth factor (IGF-1) [29] (see Table I ), supports neurogenesis [69] and oligodendrogenesis [70] , as well as ameliorating the age-related decline of those regenerative process [71] .
Macrophages also play a key role in the regeneration process. They actively participate in the cell replacement by the stem cell recruitment and homing, as well as in the resident progenitor cell differentiation and proliferation [72] . Besides the granulocytemacrophage colony-stimulating factors (GM-CSF), it has been shown that IL-12 (upregulated by classically activated phenotype) also mobilizes hematopoietic stem cells [22] , [23] . It has also been demonstrated that the monocyte chemoattractant protein-1 (MCP-1), a chemokine produced by classically activated macrophages, has an ability to recruit neural progenitors to the site of injury [21] , [24] . Moreover, different phenotypes of macrophages by secreting factors like TNF, IL-1, and GM-CSF can cause an increase in the production of granulocyte and monocytes (defensive immune cells) by the bone marrow, which can contribute in healing pathway in several ways [30] . For example, one type of granulocyte, basophils, can release histamine, which leads to dilation and increased permeability of capillaries close to them [30] . It has also been shown that secretory products of macrophages influence the different phase of angiogenesis both in vivo and in vitro [60] , [61] . These participations also support the idea of capability of macrophages in regulating some other rate-determining factors.
Unfortunately, detailed molecular mechanisms and healing pathways of all the different phenotypes of microglia and macrophages in the nervous system are not well characterized yet; preliminary results show that a tightly controlled modulation of these cells can potentially enhance the regeneration in CNS and PNS significantly. Neuroengineering tools involving electrical stimulation, polymeric fibers, hydrogel nanoparticles, and hydrogel microparticles may all offer powerful tools to modulate these intricate inflammatory signaling fates in a manner that is spatially and temporally controlled [73] - [79] .
Therefore, in order to meet the challenge of regenerating PNS and CNS nerves, it is important to explore the full spectrum of the microglial and macrophagic cell phenotypes in the inflammatory cascade, and to identify their influence on both local and long-distance critical rate limiters to endogenous regeneration, and where necessary, to use biological and engineering tools to modulate these critical phenotypes to maximize regeneration.
V. CONCLUSION
Hence, an important grand challenge in neuroengineering is stimulating endogenous repair of injured peripheral and central neural tissues. Specific challenges include bridging long peripheral nerve gaps and overcoming astroglial scar tissue to promote regeneration after spinal cord injury. The particular insight afforded here is the possibility that modulation of the inflammatory cascade after injury may significantly alter the course of healing in the nervous system, thus offering a critical modulation opportunity for promoting regeneration and integration of engineered materials and devices in the nervous system.
